Objective and design: Ageing and obesity result in decreased activity of the GH/IGF-I axis and concomitant impaired GH responses to secretory stimuli. We therefore determined the validity of the GH cut-off value of 15.0 mg/l in the GH-releasing hormone (GHRH)/GH releasing peptide-6 (GHRP-6) test for the diagnosis of GH deficiency in elderly or severely obese men. Methods: We performed a combined GHRH/GHRP-6 test in ten elderly men (mean age 74 years; mean body mass index (BMI) 24.6 kg/m 2 ), nine obese men (mean age 47 years; mean BMI 40.6 kg/m 2 ) and seven healthy male controls (mean age 51 years, mean BMI 24.3 kg/m 2 ). After assessment of fasting plasma GH, IGF-I and IGF-binding protein-3 (IGFBP-3), GHRH (100 mg) and GHRP-6 (93 mg) were given intravenously as a bolus injection. Repeated GH measurements were performed for two hours. Results: Both peak GH levels and areas under the curve (AUC) were significantly lower in the obese than in the controls (peak 13.2 vs 53.4 mg/l, P ¼ 0.001; AUC 707 vs 3250 mg/l £ 120 min; P ¼ 0.001). Mean GH response in the elderly was lower than in the controls (peak 35.0 mg/l; AUC 2274 mg/l £ 120 min), but this was not statistically significant. In contrast, GH peak levels in seven obese men remained below the cut-off level of 15.0 mg/l associated with severe GH deficiency. All others had GH peak levels exceeding this threshold. IGFBP-3 levels were significantly lower in the elderly than in the controls (1.35 vs 2.05 mg/l, P ¼ 0.001). Baseline GH or IGF-I did not differ significantly between groups. Conclusions: GH responses following GHRH/GHRP-6 administration were significantly reduced in severely obese men, but were not significantly reduced in elderly men, despite a negative trend. Our data indicate that the cut-off GH level of 15.0 mg/l after GHRH þ GHRP-6 administration for the diagnosis of severe GH deficiency cannot be used in severely obese men.
Introduction
Both ageing and obesity are associated with low plasma growth hormone (GH) levels, reduced spontaneous GH secretion and, in particular in obesity, a blunted GH response to all known GH secretory stimuli (1 -5) . In addition, plasma insulin-like growth factor I (IGF-I) levels are attenuated in the elderly, whereas IGF-I levels in the obese are usually reported in the low to normal range (6, 7) . Although normal ageing is associated with signs and symptoms which resemble GH deficiency, such as diminished lean body mass, increased body fat mass, decreased protein synthesis and reduced bone mineral density (8, 9) , Toogood et al. (10) have demonstrated that elderly subjects with pituitary disease and organic GH deficiency have specific alterations in body composition, in particular characterised by an increase in fat mass. In obesity, the low levels of the lipolytic hormone GH may contribute to perpetuation of the obese status, although alterations in circulating IGF-I-binding proteins (IGFBPs) could also account for a state of pseudo-hyposomatotropism (5, 11) . The underlying pathophysiological mechanisms responsible for the changes in activity of the somatotropic axis in ageing and obesity have not yet been elucidated, but alterations in the balance between GH-releasing hormone (GHRH) and somatostatin, possibly as a consequence of changes in circulating free fatty acids, insulin or ghrelin, are likely to play a role.
At present, the insulin tolerance test (ITT) is considered to be the test of choice for diagnosing GH deficiency in adults with hypothalamic or pituitary disease (12) . Unfortunately, this test has several major drawbacks: the reproducibility is relatively poor (13) while the test is contra-indicated in several clinical conditions, including ischaemic heart disease, cerebrovascular disease and epilepsy. Moreover, the test is inconvenient for both patient and hospital staff because the induced hypoglycaemia often leads to unpleasant symptoms and necessitates the permanent presence of a physician. Finally, besides an ITT a second stimulation test is recommended for the diagnosis of isolated GH deficiency (12) .
An alternative for the ITT is therefore desirable and recently the GHRH/GH-releasing peptide-6 (GHRP-6) test has been proposed as such (14) . GHRP-6 is a synthetic GH secretagogue that elicits a dose-dependent and almost specific GH release by binding to the GH secretagogue receptor, for which ghrelin has been discovered to be the natural ligand (15, 16) . The GHRH/GHRP-6 test has been shown to be highly sensitive and specific in diagnosing GH deficiency at a threshold peak GH level of 13 -15 mg/l (14, 17) . Furthermore, this test does not share the aforementioned drawbacks of the ITT. However, although the control group in these studies was characterised by a wide range in age (15 -92 years) and body mass index (BMI; 17.8-32.0 kg/m 2 ), the validity of the GHRH/GHRP-6 test has not been assessed separately in subjects with morbid obesity and only to a limited extent in the elderly or less severely obese (18 -20) .
To fill this gap, we studied GH responses following combined GHRH and GHRP-6 administration in elderly or severely obese (BMI . 35 kg/m 2 ) and healthy control male subjects. In addition, we related the outcome of the GH release following GHRH and GHRP-6 stimulation to baseline GH, IGF-I and IGFBP-3, which may be involved in the underlying mechanisms of decreased activity of the GH/IGF-I axis in ageing and obesity.
Subjects and methods

Study subjects
Ten healthy elderly Caucasian men and nine otherwise healthy obese Caucasian men participated in this study together with seven healthy male Caucasian controls who were matched for age with the obese group and matched for BMI with the elderly group (see Table 1 for further clinical characteristics). For the elderly group, the age inclusion criterion was between 65 and 85 years, for the other groups between 30 and 60 years. For the obese group, the BMI inclusion criterion was set higher than or equal to 35 kg/m 2 , for the other groups between 20 and 28 kg/m 2 . Other inclusion criteria were an absent history of recent medical illness (including diabetes, hyperlipidaemia, hypertension and pituitary disease), and that they were taking no medication known to influence the somatotropic axis. Written informed consent was obtained from each subject. The protocol was approved by our institutional ethical committee.
Test procedures
On the test day, the subjects were fasting and were asked not to smoke or to perform strenuous exercise before the test. All tests started between 0830 and 0900 h. After height and weight measurements, an intravenous catheter was placed in the forearm for blood sampling and drug administration. Initial blood samples were drawn at t ¼ 0 for measurement of basal levels of GH, IGF-I and IGFBP-3 and subsequently GHRH (100 mg; GHRH Ferring; Ferring Pharmaceuticals Ltd, Hoofddorp, The Netherlands) and GHRP-6 (93.1 mg; His-DTrp-Ala-DPhe-Lys-NH 2 ; Clinalfa, Laufelfinger, Switzerland) were administered simultaneously i.v. as a bolus injection. Blood was then sampled at 15, 30, 45, 60, 90 and 120 min after injection of GHRH and GHRP-6 for assessment of GH responses. The subjects remained fasting, non-smoking and sitting during the tests.
Biochemical analyses
GH was measured using an immunometric technique on an Immulite Analyser (Diagnostic Products, Los Angeles, CA, USA). The lower limit of detection was 0.01 mg/l; the interassay variations were 9.7, 5.6, 4.4 and 5.2% at 0.13, 0.80, 4.2 and 15.4 mg/l respectively (n ¼ 69). One microgram per litre corresponds to 2.6 mIU/l (WHO International Reference Preparation 80/505). IGF-I was measured using a immunometric technique on an Advantage Chemiluminescense System (Nichols Institute Diagnostics, San Juan Capistrano, CA, USA). The lower limit of detection was 6.0 ng/ml and interassay variations were 8.7, 5.8 and Table 1 Clinical characteristics.
Age (years) 74^1. 6.5% at mean IGF-I plasma levels of 33, 174 and 445 ng/ml respectively (n ¼ 115). IGFBP-3 was measured by specific RIA, as described previously (21) . The lower limit of detection was 0.002 mg/l (absolute concentration) and interassay variations amounted to 9.3, 6.9 and 10.2% at mean plasma IGFBP-3 levels of 0.97, 2.0 and 3.0 mg/l respectively (n ¼ 50).
Statistical analyses
GH responses to GHRH and GHRP-6 were evaluated by calculating the area under the curve (AUC) over a timeperiod of 120 min, as well as by the peak responses. For between-group comparisons, a non-parametric Kruskal -Wallis test was used. When a significant difference was found, two sample Mann -Whitney tests were performed to specify the differences. Statistical significance was accepted at P , 0.05 (two-tailed). Pearson's correlation coefficients were used to determine the associations between the GH responses and age, BMI and baseline levels of GH, IGF-I and IGFBP-3. All data are expressed as means^S.E.M.
Results
Mean baseline GH and IGF-I levels did not differ significantly between groups (Table 2) , while significantly lower IGFBP-3 levels were observed in the elderly in comparison with the controls. Peak GH responses ( Fig. 1) were blunted in the obese group as compared with the controls (13.2^2.3 vs 53.4^11.7 mg/l, P ¼ 0.001). There was no significant difference in peak GH levels between the elderly and control groups (35.0^7.0 vs 53.4^11.7 mg/l). Mean calculated AUC was significantly lower in the obese than in the controls (707^145 vs 3250^651 mg/l £ 120 min, P ¼ 0.001), but no significant difference in AUC was found between the elderly and the controls (2274^443 vs 3250^651 mg/l £ 120 min).
We observed a significant negative correlation between BMI and GH response when the obese and control groups were combined, in terms of both peak GH level (r ¼ 2 0.80, P , 0.001; Fig. 2) and AUC (r ¼ 2 0.83, P , 0.001; Fig. 2 ). Age and GH response were not significantly correlated (Fig. 2) . Baseline GH levels (Table 2) were positively correlated with GH responses when all three groups were combined, in terms of both peak GH level (r ¼ 0.51, P ¼ 0.008) and AUC (r ¼ 0.47, P ¼ 0.014). For the elderly and control groups together, a negative correlation was found between age and IGFBP-3 levels (r ¼ 2 0.74, P ¼ 0.001). Finally, a positive correlation was found between IGFBP-3 and IGF-I levels for all groups together (r ¼ 0.47, P ¼ 0.015). GH peak levels in seven out of nine obese subjects remained below the cut-off level of 15.0 mg/l as described by Popovic et al. (14) . All other subjects had peak GH levels above this value.
Discussion
The primary objective of the present study was to assess the validity of the previously described cut-off peak GH level of 15.0 mg/l for the GHRH/GHRP-6 test in diagnosing GH deficiency in elderly or severely obese men (14) . Our findings indicated that the reported threshold value is valid in elderly men, as all elderly subjects had peak GH levels above 15.0 mg/l, as did all control subjects. In contrast, our data clearly demonstrated that the cut-off level of 15 mg/l should not be used in subjects with a BMI exceeding 35 kg/m 2 , as seven out of nine subjects in this severely obese group had peak GH levels below 15.0 mg/l after GHRH and GHRP-6 stimulation, and would therefore be falsely classified as GH deficient. Judging by the lowest GH peak level that we observed in this specific obese population, the threshold level for the diagnosis of GH deficiency in severely obese men should be set below 6.1 mg/l. These findings are in line with a previous report by Ozata et al. (19) , who observed peak GH levels following a GHRH/GHRP-6 test ranging from 6.2 to 7.3 mg/l in three subjects with a mean BMI of 50.3^2.0 kg/m 2 . As no other data have been reported regarding GH Figure 1 GH responses to the simultaneous administration of GHRH and GHRP-6 in the elderly, obese and control groups. All data represent mean values^S.E.M. The mean AUC was significantly lower in the obese than in the control group (P , 0.001, Mann-Whitney). All data are mean^S.E.M. IGFBP-3 was significantly lower in elderly than in controls (*P ¼ 0.001, Mann -Whitney).
peak levels after GHRH and GHRP-6 stimulation in severely obese (BMI . 35 kg/m 2 ) healthy subjects or in severely obese GH-deficient patients, the specificity and sensitivity of this threshold level cannot be determined exactly.
Previous studies regarding the reliability of other GH stimulation tests in obese subjects indicate that validated GH cut-off levels in a non-obese population may lack validity in obesity. However, the number of published studies is limited, and BMI levels vary considerably between studies (18, 22, 23) . All obese men who participated in our study had BMI values exceeding 35 kg/m 2 , a condition which has not been studied separately on previous occasions using the GHRH/GHRP-6 or other GH stimulation tests. According to the BMI distribution in the control group in the study by Popovic et al. (14) , the GH cut-off level of 15 mg/l can probably be safely used in subjects with a BMI up to 32.0 kg/m 2 . However, the authors indicate that GH peak levels between 10 and 20 mg/l represent a grey zone, without 100% sensitivity and specificity; additional (circumstantial) evidence is needed for the confirmation or rejection of GH deficiency. As four of our obese subjects had peak GH levels below 10 mg/l, we have concluded that this grey zone should be adjusted in subjects with a BMI above 35 kg/m 2 . As we also observed a negative correlation between BMI and GH response, BMI should always be taken into consideration when interpreting the outcome of the GHRH/GHRP-6 test if the peak GH level is within this grey zone and the patient's BMI exceeds 35 kg/m 2 . It was recently suggested that GH levels after GHRH/GHRP-6 in a group of less obese subjects (mean BMI 34.2 kg/m 2 ) did rise to 14.7 mg/l and higher (maximum 86 mg/l), indicating that the cut-off point of 15 mg/l can probably be used safely in subjects with a lower BMI for the rejection of the diagnosis of GH deficiency (18) . This observation is complementary to the present study, as we did not evaluate GH response in subjects with a BMI between 28 and 35 kg/m 2 . Our findings may seem to disagree with previous reports that the GH response of the GHRH/GHRP-6 test is independent of the degree of obesity (14, 18) . However, these studies were all performed in less obese subjects (BMI , 35 kg/m 2 ). Our conclusion that obesity can be an important confounder when interpreting the outcome of the GHRH/GHRP-6 test for the diagnosis of GH deficiency is therefore limited to subjects with a BMI that exceeds 35 kg/m 2 . We used the cut-off GH level reported by Popovic et al. (14) . It should be noted that this multicentre study was performed using different GH assays according to local experience. Cut-off levels for different GH stimulation tests may also vary somewhat according to the assay used, and therefore should be validated in the local setting. However, large numbers of both control subjects and GH-deficient patients would be needed to define specific cut-off GH levels for each individual clinic, which has major practical implications.
In the present study, we used slightly lower GHRH and GHRP-6 doses than in the study by Popovic et al. (14) for the obese group, as we used fixed doses of GHRH and GHRP-6 instead of weight-adjusted doses, similar to those used by Cordido et al. (18) . As the agents used exert their GH-releasing effect quickly, and as their distribution volume is small and relatively independent of fat mass, it is unlikely that peak pituitary concentrations within 30 min after injection vary to a large extent between obese and non-obese subjects.
When searching for alternatives for the ITT, it should be noted that the use of the conventional cut-off level of 3.0 mg/l for the diagnosis of GH deficiency has not been validated properly in obese subjects. In the study performed by Cordido et al. (18) , GH peaks during the ITT varied from 2.3 to 16.6 mg/l in subjects with a mean BMI of 34.2 kg/m 2 , and three subjects would have been classified as GH deficient (of which one severely GH deficient) according to the ITT, while the response was normal during the GHRH/GHRP-6 test. Separate data regarding GH responses during the ITT in subjects with a BMI exceeding 35 kg/m 2 have not been published. This may be partly explained by the fact that the performance of an appropriate ITT with an adequate hypoglycaemia is relatively difficult in this population.
As expected, the GH response to GHRH and GHRP-6 was significantly impaired in the obese subjects as compared with the controls, in terms of both peak GH level and AUC. The GH response of the elderly subjects was decreased compared with that of the controls, but this did not reach the level of significance, possibly as a consequence of the small group sizes. This finding confirms that when interpreting the outcome of a GHRH/GHRP-6 test in an elderly person, age should also be considered, in particular when the GH peak level is within the grey zone between 10 and 20 mg/l. It has previously been shown that elderly subjects with organic GH deficiency are characterised by changes in body fat mass, plasma lipids and bone metabolism, and may benefit from GH substitution therapy (10, 24) . Previously, the arginine stimulation test was shown to be a reliable test for the diagnosis of GH deficiency in elderly subjects (25) . From the present and previously published data, we conclude that the GHRH/GHRP-6 test is a useful and validated tool for the diagnosis of GH deficiency in the elderly, as it is not affected by age and can be performed without risk in this patient group.
The exact mechanism of the impaired GH response in the obese is still largely unknown. Increased circulating free fatty acid levels, hyperinsulinaemia and/or decreased plasma ghrelin levels, all associated with obesity, may contribute to an attenuated GH response in the obese (26 -28) . Probably as a consequence of these and other contributing factors, the balance between GHRH, ghrelin and somatostatin at the hypothalamic -pituitary axis is altered in obesity (29, 30 ). An enhanced somatostatinergic tone has been demonstrated in obesity as pyridostigmine, a somatostatin tone-lowering agent, potentiates the GH release to GHRH (31) . Nevertheless, after pyridostigmine the GHRH-mediated GH response in obese subjects remains attenuated in comparison with non-obese controls, suggesting that other mechanisms are also involved.
Taken together, the results in this study show that the somatotroph response to the GHRH/GHRP-6 test is independent of age, but dependent on BMI. In particular, our data indicate that the cut-off level of 15.0 mg/l in the GHRH/GHRP-6 test as previously described (14) should not be used in severe obesity, i.e. in subjects wth a BMI exceeding 35 kg/m 2 . If the concept of a grey zone (for which additional circumstantial evidence is required for the diagnosis of GH deficiency) is considered when using the GHRH/GHRP-6 test, the lower limit should be set at or below 6.1 mg/l in obese subjects with a BMI . 35 kg/m 2 , whereas the cut-off GH level of 15.0 mg/l can be used safely in elderly subjects.
